We present a new method for recording digital holograms under incoherent illumination. Light is reflected from a 3D object, propagates through a diffractive optical element (DOE), and is recorded by a digital camera. Three holograms are recorded sequentially, each for a different phase factor of the DOE. The three holograms are superposed in the computer, such that the result is a complex-valued Fresnel hologram. When this hologram is reconstructed in the computer, the 3D properties of the object are revealed.
Holograms recorded by incoherent light open many new applications such as outdoor and astronomical holography 1 and fluorescence holographic microscopy. 2 The oldest methods of recording incoherent holograms have made use of the property that every incoherent object is composed of many source points, each of which is self-spatial coherent and therefore can create an interference pattern with light coming from the point's mirrored image. Under this general principle, there are various types of holograms, 1, [3] [4] [5] [6] [7] [8] [9] including Fourier 1, 4 and Fresnel holograms. 5, 6 The process of beam interfering demands high levels of light intensity, extreme stability of the optical setup, and relatively narrow bandwidth light source. These limitations have prevented holograms from becoming widely used for many practical applications.
More recently, two groups of researchers have proposed computing holograms of 3D incoherently illuminated objects from a set of images taken from different points of view. 10, 11 This method, although it shows promising prospects, is relatively slow since it is based on capturing tens of scene images from different view angles.
Another method is called scanning holography, 2, 12 in which a pattern of Fresnel zone plates (FZPs) scans the object such that at each and every scanning position, the light intensity is integrated by a point detector. The overall process yields a Fresnel hologram obtained as a correlation between the object and FZP patterns. However, the scanning process is relatively slow and is done by mechanical movements. A similar correlation is actually also done in this Letter; however, unlike the case of scanning holography, we propose here a correlation without movement. Mertz and Young 13 already proposed holographic photography based on correlation without movement between objects and FZPs. However, their process relies on geometrical optics, which cannot yield good imaging results in the optical regime. On the contrary, our suggested correlator for implementing the holographic recording is valid in the optical regime, since its operation principle is based on the diffraction theory. 14 Presented here is a new method of recording digital Fresnel holograms under incoherent illumination. We coin our new technique Fresnel incoherent correlation holography (FINCH). In our system, the reflected white light from a 3D object propagates through a diffractive optical element (DOE) and is recorded by a digital camera. Three holograms are recorded sequentially, each with a different phase factor of the DOE. The three holograms are superposed in the computer such that the result is a complexvalued Fresnel hologram. As we show, the 3D properties of the object are revealed by reconstructing this hologram in the computer.
The FINCH system is shown in Fig. 1 . A whitelight source illuminates a 3D object, and the reflected light from the object is captured by a CCD camera after passing through a lens L and a DOE displayed on a spatial light modulator (SLM). The specific SLM in this experiment operates in reflection mode, but it is well understood that the same principles and analysis are valid for a transmission SLM as well. In gen- eral, such a system can be analyzed as an incoherent correlator, where the DOE function is considered as a part of the system's transfer function. However, in this Letter, we find it easier to regard the system as an incoherent interferometer, where the grating displayed on the SLM is considered as a beam splitter. As is common in such cases, we analyze the system by following its response to an input object of a single infinitesimal point. Knowing the system's point spread function (PSF) enables one to realize the system operation for any general object. Analysis of a beam originated from a narrowband infinitesimal point source is done using Fresnel diffraction theory, 14 since such a source is coherent by definition. A Fresnel hologram of a point object is obtained when the two interfering beams are, for instance, plane and spherical beams. Such a goal is achieved if the DOE's reflection function R͑x D , y D ͒ is of the form
where is the central wavelength, and for the sake of shortening, the quadratic phase function is designated by the function Q, such that Q͑b͒ = exp͓ib͑x 
where A is a constant. The first term of Eq. (2) is now approximated to a constant by assuming that z is much smaller than f. Since the system is shift invariant, the result of I P ͑x , y͒, after calculating the square magnitude in Eq. (2), can be generalized to a PSF for any source point located at any point ͑x s , y s , z s ͒, as
For a general 3D object g͑x s , y s , z s ͒ illuminated by a narrowband incoherent illumination, the intensity of the recorded hologram is an integral of the entire PSFs given in Eq. (3), over all object intensity g͑x s , y s , z s ͒, as
Besides a constant term C, Eq. (4) contains two terms of correlation between an object and a quadratic phase z-dependent function, which means that the recorded hologram is indeed a Fresnel hologram. To remain with a single correlation term out of the three terms given in Eq. (4), we follow the usual procedure of on-axis digital holography. 15 Three holograms of the same object are recorded, each with a different phase constant . The final hologram H F is a superposition according to the following:
where H k is the kth recorded hologram with the phase constant k . We are aware of work suggesting on-axis digital holography by a single exposure for object recognition purposes. 16 A single exposure enables one to record holograms of moving objects or to record them in a vibrating environment. However, the twin image problem presented in this single exposure technique is completely eliminated by the three exposure method performed here. A 3D image s͑x , y , z͒ can be reconstructed from H F ͑x , y͒ by calculating the Fresnel propagation formula as
where the asterisk denotes a 2D convolution. The system shown in Fig. 1 has been used to record the three holograms. The SLM (Holoeye HEO 1080P) is phase only, and as so, the desired function given by Eq. (1) cannot be directly displayed on this SLM. To overcome this obstacle, we chose to display the phase function Q͑−1 / a͒ on only half of the SLM pixels. The rest of the pixels were modulated with a constant phase, where the pixels of each kind were selected randomly. By this method, the SLM function becomes a good approximation to R͑x , y͒ of Eq. (1) . Note that although the light passes a chromatic bandpass filter and therefore becomes partially temporal coherent, the illumination is still spatially incoherent. Hence, the suggested randomized pixel modulation does not introduce any speckle noise on the recorded holograms.
The SLM has 1920ϫ 1080 pixels in a display of Three white-on-black letters each of the size 2 mmϫ 2 mm were located at the vicinity of the rear focal point of the lens. O was at z = −24 mm, S was at z = −48 mm, and A was at z = −72 mm. These letters were illuminated by a mercury arc lamp (ZeissAttoArc 2, HBO 100 W). A filter that passed a Poisson-like power spectrum from 574 to 725 nm light with a peak wavelength of 599 nm and a bandwidth (full width at half maximum) of 60 nm was positioned between the beam splitter and the lens L. The three holograms, each for a different phase constant of the DOE, were recorded by using a cooled CCD camera (Hamamatsu Digital Camera C4742-95) and processed by a PC. The final hologram H F ͑x , y͒ was calculated according to Eq. (5), and its magnitude and phase distribution are depicted in Figs. 2(e) and 2(f), respectively.
The hologram H F ͑x , y͒ was reconstructed in the computer by calculating the Fresnel propagation toward various propagation distances according to Eq. (6) . Three different reconstruction planes are shown in Figs. 2(g)-2(i) . In each plane, a different letter is in focus as is indeed expected from a holographic reconstruction of an object with a volume.
In conclusion, we have proposed and demonstrated a process of recording holograms of realistic 3D objects illuminated by incoherent light. Since the FINCH system has only a single channel, it does not demand complicated alignment. We anticipate that the concept of the present system can be applied to the design for a portable and very simple holographic camera, which might be useful for various applications in the fields of microscopy, still and video photography, astronomy, and medical imaging.
